Remote sensing in the form of aerial color infrared (CIR) photography has been shown to be a useful tool for in-season N management in winter wheat (Triticum aestivum L.). The objectives of this study were (i) to develop a methodology for predicting in-season optimum fertilizer N rates for winter wheat at growth stage (GS) 30 directly from aerial CIR photography and (ii) to quantify how the relationships between these optimum N rates and spectral indices respond to different levels of biomass of the wheat crop. Field studies were conducted for three winter wheat growing seasons (2002)(2003)(2004) over a wide range of soil conditions across North Carolina using a splitsplit plot randomized complete block design. Different planting dateseeding rate (PDSR) combinations were applied to create a range of biomass levels at GS 30. Different levels of N were applied at GS 25 (N 25 ) to create a range of N supply and winter wheat radiance, and at GS 30 (N 30 ) to measure grain yield response to N 30 . Aerial CIR photographs were obtained at each site at GS 30 before N applications. Significant biomass response to PDSR and yield response to N 25 and N 30 were observed. Optimum N 30 ranged from 0 to 124 kg ha 21 with a mean of 55 kg ha
W
ITH THE INCREASING COST OF N, efficient use of applied N fertilizer is important for profitable and environmentally viable winter wheat (Triticum aestivum L.) production. The N use efficiency (NUE) of winter wheat is generally low with, on average, only about 33% of applied N fertilizer used by the crop (Raun and Johnson, 1999) . Matching N fertilizer rates and application timing with crop needs can reduce fertilizer N losses and minimize a potential source of surface and groundwater pollution (Ferguson et al., 2002) .
In the southeastern USA, most N fertilizer for soft red winter wheat is applied in a two-step approach Weisz and Heiniger, 2004a ) based on inseason evaluations of N requirements at growth stage (GS) 25 and GS 30 (Zadoks et al., 1974) . In this wheatproducing region, N application at GS 25 can stimulate tiller development because winter wheat does not enter a dormant state in these southern latitudes. Consequently, when GS-25 tiller density is below a critical threshold (540 tillers m 22 ), N is recommended to stimulate tiller development Weisz et al., 2001) , while a GS-25 N application is not recommended at greater tiller density. At GS 30, N applications are based on field-averaged tissue N concentration (N conc ) Alley et al., 1994; Flowers et al., 2004) . In on-farm tests in Virginia, in-season N fertilizer optimization based on GS-25 tiller density and GS-30 tissue testing increased producer income by an average of $73 ha 21 , and increased apparent fertilizer use efficiency compared to applying a single fixed N rate.
The process of collecting field samples and measuring tiller density or N conc to predict N needs at GS 25 or 30 is time consuming and can cause delays in fertilizer application. Moreover, both these sampling procedures result in point estimates and are not suitable for making site-specific N recommendations. A potential solution to this problem is to use remote sensing in the form of aerial color-infrared (CIR) images. Several studies have shown that remote sensing has the potential to improve the efficiency of predicting the N status of winter wheat and in developing an appropriate N fertilizer recommendation (Flowers et al., 2001 (Flowers et al., , 2003b (Flowers et al., , 2004 .
The spectral reflectance of a crop canopy is a combination of the reflectance spectra of plant and soil components as governed by the optical properties of these elements and radiant energy exchange within the canopy (Huete, 1988) . High absorption of incident sunlight in the visible blue (B, |400-500 nm) and red (R, |600-700 nm) and strong reflectance in the nearinfrared (NIR, |750-1350 nm) portions of the electromagnetic spectrum by photosynthetically active plant tissue is distinctive from that of soil and water (Lillesand and Kiefer, 1987) . Spectral reflectance in the B and R is inversely related to the in situ chlorophyll concentration, while spectral reflectance in the NIR is directly related to the green leaf density (Knipling, 1970) . Further, vegetation under stress shows decreased NIR reflectance, reduced B and R absorption in the chlorophyll active bands, and a consequent shift of the R edge toward shorter wavelengths (Blackmer et al., 1996) .
In wheat, Flowers et al. (2001 Flowers et al. ( , 2003a examined the relationship between GS-25 tiller density and several vegetation indices and digital counts at various wavelengths obtained from aerial CIR photographs and found that relative NIR digital counts were consistently related with tiller density (r 2 5 0.77) across environments. Wood et al. (1999) reported correlations (0.57 # r # 0.95) between the normalized difference vegetation index (NDVI: Table 1 ) and GS-25 tiller density. Stone et al. (1996) reported a strong correlation (0.62 # r # 0.80) between GS-30 biomass and plant N spectral index, which is the inverse of NDVI. Using a proximate active remote sensing technique, Raun et al. (2002) found no significant increases in grain yield or revenue compared to a typical grower's practice at three of the four locations. However, averaged across all locations the remote sensing system recommended 18.6 kg ha 21 more N than the comparable grower's practice (Raun et al., 2002) . Flowers et al. (2003b) found that GS-30 N conc was related to NDVI from aerial CIR photographs (r 2 5 0.69) and suggested using NDVI to estimate N conc which in turn could be used to make field-or site-specific N fertilizer recommendations based on the current tissue testing recommendation Alley et al., 1994; Flowers et al., 2004) . However, there are potential problems with using NDVI from aerial CIR photography to estimate N conc , and subsequently make N fertilizer recommendations based on that estimate (Flowers et al., 2003b) . Measures of N conc alone may Absolute spectral bands
Huete, 1988 Adjusted Vegetation Index; SAVI, Soil Adjusted Vegetation Index. Subscript "R" indicates "by ratio," subscript "S" indicates "by subtraction." ‡ A reference plot is one that received the highest N rate at a site-year. not accurately predict the N need of winter wheat unless other factors such as biomass are included (Reeves et al., 1993) . For example, wheat biomass was shown to influence the relationship between GS-30 N conc and spectral reflectance (Clarke et al., 2000) . Furthermore, while Flowers et al. (2003b) found an exponential relationship (R 2 5 0.69) between NDVI and GS-30 N conc , this relationship only held at sites with relatively high mean GS-30 biomass (.1000 kg ha
21
). In the system proposed by Raun et al. (2002) , growing degree days were used to estimate wheat growth at different locations. These studies suggest that wheat biomass needs to be included as a factor when using remote sensing to optimize inseason N needs.
Consequently, the objectives of this study were (i) to develop a methodology for predicting in-season optimum N rates for winter wheat at GS 30 directly from aerial CIR photography, and (ii) to quantify how the relationships between these optimum N rates and spectral indices respond to different levels of biomass of the wheat crop. (Fig. 1) . Taxonomic classification of the soils at these sites is described in Table 2 .
MATERIALS AND METHODS
A three-way factorial experimental design was implemented as a split-split plot in randomized complete blocks with five replications. Main plots consisted of three planting date-seeding rate (PDSR) combinations designed to produce wheat stands with different amounts of GS-30 biomass (Table 3 ). The PDSR combinations were designed so that PDSR-1 would produce the thickest wheat stand with the highest biomass, while PDSR-2 and PDSR-3 would produce progressively thinner stands with lower biomass. Subplots consisted of five N rates applied at GS 25 (N 25 ). These N 25 rates were 0, 22, 45, 67, and 101 kg N ha 21 at P2003 where high N carry-over was anticipated due to very low grain yields in the previous corn (Zea mays L.) crop, and 0, 34, 67, 101, and 134 kg N ha 21 at all other locations. Sub-subplots consisted of five N rates (0, 34, 67, 101, and 134 kg N ha 21 ) applied at ).
Agronomics
Planting dates, seeding rates, row spacing, sub-subplot sizes, and cultivar used at each site-year are described in Table 3 . At C2002, C2003, C2004, and L2002, PDSR-1 consisted of a high seeding rate (480 seeds m
22
) and timely planting date (Weisz and Heiniger, 2004b) , and PDSR-2 and PDSR-3 were late plantings at high (480 seeds m
) and low (185 seeds m 22 ) seeding rates, respectively. Weather conditions prevented timely planting at P2003 and T2004, so all three PDSR treatments were planted on the same date and consisted of three different seeding rates (Table 3) . Site-Years C2002, C2003, and C2004 had coarse textured soils (Table 2) with higher leaching potential and were expected to have lower soil N carryover from the previous crop compared to the other locations, and consequently received a preplant N application of 34 kg N ha 21 as N-P-K: 10-13.2-24.9% (N-P 2 O 5 -K 2 O: 10-30-30%), N source unknown. Preplant N was not applied at other siteyears. Growth-stage 25 and 30 N treatments were broadcast applied using aqueous urea-ammonium nitrate [CO(NH 2 ) 2 -NH 4 NO 3 : 30% N] except at P2003, where prilled ammonium nitrate (NH 4 NO 3 : 34% N) was applied at GS 25. Lime and fertilizer rates other than N followed standard recommendations for North Carolina based on annual soil tests (Hardy et al., 2002; Crozier et al., 2004) . All experimental sites followed corn and were conventionally tilled. Pre-and postemergence herbicides were applied as recommended (York, 2004) , and weed management was excellent at all site-years except L2002, where weed cover between GS-25 and GS-30 was rated at approximately 10% in PDSR-1, 14% in PDSR-2, and 33% in PDSR-3.
Data Collection
Plant samples for biomass were taken at GS 30 before N 30 applications. These samples were taken randomly within each sub-subplot from four 0.46-m sections of row by cutting whole plants just above the soil level. Sub-plot biomass was estimated as the mean of these 20 samples (i.e., four samples within each sub-subplot multiplied by five subsubplots per subplot). At Site-year L2002 where weed populations were high, weed tissue was removed from the samples before biomass measurements were made. Plant samples were dried at 60jC for 48 h for dry matter determination. At harvest, the center 2 m of each sub-subplot was cut with a Massey Ferguson MF-8 or Gleaner K2 plot combine (AGCO Corp., Duluth, GA), and yields were measured with a HarvestMaster grain gauge (Juniper Systems, Inc., Logan, 
Statistical Analysis
The PDSR combinations were designed to produce different GS-30 biomass levels at each site-year and depended on the soils and actual dates when wheat could be planted at each site-year. Consequently, PDSR combinations were not uniform across site-years, and ANOVA for GS-30 biomass and grain yield were done individually by site-year. At GS 30, ANOVA for a split-plot design was used to determine the effects of PDSR and N 25 on wheat biomass. After harvest, ANOVA for a split-split plot design was used to determine the effects of PDSR, N 25 , and N 30 on grain yield at each site-year. For these analyses, PROC GLM in SAS Version 9 (SAS Institute, Cary, NC) was used.
Determination of Optimum Nitrogen Rates at Growth Stage-30
Methods used to determine the optimum N 30 have been previously described in detail by Weisz et al. (2007) . For each PDSR-N 25 combination at each site-year, the optimum N 30 was calculated resulting in 90 estimates. Initially, the yield responses to N 30 were modeled using linear-plateau, quadraticplateau, the exponential Mitscherlich, and second-order polynomial functions. In the majority of cases the quadraticplateau, Mitscherlich, and second-order polynomial functions failed to fit the data (i.e., they were unable to predict a statistically significant optimum N 30 , or they predicted a value that was higher than what is agronomically reasonable for soft red winter wheat). The yield data were, however, well modeled with the linear-plateau function and consequently optimum N 30 values were estimated with the following rules: (1) The yield response to N 30 was determined by ANOVA in PROC GLM. If the response to N 30 was not significant, optimum N 30 was assumed to be zero. (2) For PDSR-N 25 combinations for which the response was significant, Fishers Protected LSD (a 5 0.05) was used for means separation. If the highest mean yield was for N 30 5 0, then optimum N 30 was determined to be zero. (3) If data sets had significant and positive yield responses to N 30 , they were analyzed as follows: A linear-plateau function was fit to the data using PROC NLIN (SAS Institute, Cary, NC). If the 95% confidence interval for the estimated slope of the linear portion of the model, and for the breakpoint (the N 30 value beyond which the yield response was flat) did not contain zero, optimum N 30 was determined to be equal to the breakpoint. In four cases, the yield response to N 30 was initially positive, reached a plateau, and then decreased at higher N rates. When this occurred, the N 30 treatment levels that had significantly decreased yield compared to the N 30 rate with the highest yield as determined by the Fisher's protected LSD (a 5 0.05) mean separation were deleted.
If the linear-plateau function did not result in a meaningful fit to the data (i.e., the 95% confidence interval for the linear slope or for the breakpoint included zero) then treatment means were compared in PROC GLM using a series of linear contrasts to determine optimum N 30 .
Image Acquisition and Conversion to Spectral Radiation
Aerial targets were placed at the four corners of each field for obtaining geographic coordinates for use in image georegistration. A differential global positioning system (DGPS) with 1-m accuracy (Trimble AG 132, Trimble Navigation, Sunnyvale, CA) was used to georeference the targets. Aerial CIR photographs were taken at each site at GS 30 using the technique described by Flowers et al. (2001) . The aerial CIR images were obtained at altitudes (|750-900 m) such that the entire experimental field and surrounding area was covered in a single image and under conditions as cloud free as possible using a belly-mounted platform and a 35-mm Canon AE-1 camera (Canon USA, Lake Success, NY). Kodak Ektachrome professional Infrared EIR 135-36 film and a TIFFEN 52 mm Yellow No. 12 filter (Eastman Kodak Co., Rochester, NY) resulting in a ground resolution of 0.45 to 0.68 m. On an average each subplot consisted of approximately 250 pixels. Differences in ground resolution were due to different altitudes at which the images were obtained. The film was AR-5-processed to obtain false CIR slides. Slides were digitized using the procedure described by Blackmer et al. (1996) with a Konica slide scanner (Konica Q-scan, Konica Corp., Mahwah, NJ) and Adobe Photoshop v. 4.0 (Adobe Systems, Inc., San Jose, CA). Digital images were georegistered to the aerial targets using ERDAS Imagine version 8.7 (ERDAS Inc., Atlanta, GA). The RMSE error after the georegistration was ,1 m. The spectral properties of the CIR film used for obtaining images are described by Flowers et al. (2003a) . To maintain sensitivity in the desired bands (R, G, and NIR), CIR film was used with a yellow filter to screen out B light. The CIR film emulsions respond to light within the visible and NIR regions of the electromagnetic spectrum (380-900 nm). The digitized images are represented by 24-bit true color with three bands: 8-bit R, 8-bit green (G), and 8-bit B. For each pixel in the image, the primary color value is represented by a digital number within the range of 0 to 255 for each spectral band. The spectral properties of CIR film result in wide overlapping wavelength bands. With the yellow filter, band 1 (NIR) of the image covered the wavelengths between |490-900 nm, band 2 (R) covered the wavelengths between |490-700 nm, and band 3 (G) covered the wavelengths between |490-620 nm. While these bands overlap, maximum sensitivity in the NIR band occurs at 730 nm, in the R band at 650 nm, and in the G band at 550 nm (Eastman Kodak, 1996) . These differences in spectral sensitivity offer increased information through the use of spectral band combinations and vegetation indices (Table 1) .
Areas of interest (AOI) corresponding to each individual plot, excluding the plot borders, were identified on the images; these included an approximately equal number of pixels for each plot. The AOI included both wheat plants and any soil that was visible between adjacent rows, that is, there was no separation of soil and crop pixels. The AOI were used to extract the mean digital number (DN) representing each spectral band for each individual plot. Using the DN for the individual bands, a series of spectral indices were calculated (Table 1) . Relative bands (Table 1) and indices were calculated both by the ratio and subtraction of the spectral value of a particular plot to the spectral value for the plot that received the highest N rate at a particular site. The digital counts for the NIR, R, and G bands and all of the indices (Table 1) were regressed against the optimum N 30 rates using linear and quadratic models using PROC REG in SAS Version 9 (SAS Institute, Cary, NC).
Remote Sensing and Biomass Estimation
As reported below, a determination of GS-30 biomass as being above or below 1000 kg ha 21 was found to be necessary for using CIR to recommend optimal N rates. Flowers et al. (2001) developed and field validated (Flowers et al., 2003a ) a remote sensing technique to determine GS-25 wheat tiller density. As GS-25 tiller density is likely correlated with GS-30 biomass, we tested a modification of their system to determine if GS-30 biomass could be determined using CIR photography. Details of this system can be found in Flowers et al. (2001) . In brief, GS-30 biomass was plotted and regressed against NDVI for all PDSR-site-year combinations. Wheat biomass and NDVI was then normalized using areas of high and low biomass within each photograph. This allowed a single linear regression to model relative biomass as a function of relative NDVI. Finally, using this regression model, a prediction of within-field biomass could be made using NDVI and minimal scouting information.
RESULTS AND DISCUSSION Growth-Stage 30 Biomass and Grain Yield
To meet our objectives it was important to establish wheat stands with a wide range in GS-30 biomass. Mean GS-30 biomass (Fig. 2 ) differed widely across site-years from low levels of 396 and 722 kg ha 21 at T2004 and C2004, respectively, to 915, 1342, 1104, and 2026 kg ha 21 at P2003, L2002, C2003, and C2002. Within site-years, biomass levels at GS 30 could have been affected by both PDSR and N 25 . There was a significant PDSR 3 N 25 interaction only at C2003. The main effects of both PDSR and N 25 were significant at all site-years except C2004, where only N 25 had an effect (Table 4) . At all site-years except C2004, GS-30 biomass was higher with earlier planting and/or higher seeding rates ( Fig. 2A) . At all site-years, GS-30 biomass increased as N 25 increased to 67 kg ha 21 , with no further increase at higher N rates (Fig. 2B ) except at P2003. Despite the PDSR 3 N 25 interaction at C2003, these trends were still apparent at that site-year (data not shown). A more detailed analysis of these data is described by Weisz et al. (2007) . These data indicated that we were successful in establishing a wide range (218-2780 kg ha 21 ) of GS-30 biomass. Mean grain yield at each site-year ranged from 3.0 to 6.1 Mg ha 21 (not shown; see Fig. 3 ). These extremes Table 3 ) were intended to create GS-30 biomass ranging from high to low, respectively; and ( were recorded at P2003 and T2004, respectively. Siteyear P2003 was planted very late (Table 3) , had an unusually cold winter, and had a moderate infestation of leaf and glume blotch [Stagonospora nodorum (Berk.)]. These factors could have contributed to the low mean yield at that site-year. Grain fill at T2004 was longer than usual due to cool temperatures and high rainfall. That combined with disease-free stands may have been responsible for the high mean yield at T2004. Planting date-seeding rate combinations were significant factors explaining grain yield at five of the six siteyears as indicated by either a significant main effect or interaction term involving PDSR (Table 4) . The main effects and interaction of N 25 and N 30 were significant at all site-years, demonstrating that wheat yield was responsive to N fertilizer (Table 4 ). In the linearplateau yield responses (Fig. 3) , the main effects of N 25 are evident by the different intercepts, and of N 30 by the significant linear plateau fits; the interaction of N 25 and N 30 is evident by the varying slopes of the linear responses.
Predicting Optimum Growth Stage 30 Nitrogen Rates from Spectral Data
The different PDSR-N 25 combinations created a range of canopy radiance in the field that was evident in the aerial CIR photographs at GS 30 (not shown) and subsequently resulted in a wide range of optimum N 30 rates (0-124 kg ha 21 with a mean of 55 kg ha 21 , Fig. 3 ). At each site-year, grain yield response to N 30 for each PDSR-N 25 combination was analyzed using ANOVA (data not shown; 90 potential data sets). Due to missing data, 3 of these 90 data sets had to be discarded. For 23 PDSR-N 25 combinations, N 30 was not significant, or the highest yield was attained at N 30 5 0 kg ha 21 . In these cases the optimum N 30 was defined as 0 kg N ha 21 . For the remaining PDSR-N 25 combinations, response to N 30 was modeled using a linearplateau function (e.g., Fig. 3 ). Of these, 51 resulted in meaningful fits to the data, and the optimum N 30 was estimated as the resultant model breakpoint. For 13 PDSR-N 25 combinations, the linear-plateau function did not result in a statistically significant fit to the data and the optimum N 30 was defined using a series of linear contrasts.
When analyzed by each site-year, at least one band and/or index was significantly related to optimum N 30 (Table 5 and Fig. 4) , and the strength of the best relationship within a site-year as indicated by the coefficients of determination (r 2 or R 2 ) ranged from 0.40 to 0.93 (Table 5) . At T2004, even though there was a wide range of optimum N 30 requirements ( Fig. 3 and 4) , the range in DN for the three spectral bands was very narrow (NIR: 44-57; R: 35-44; and G: 50-59), probably resulting in a majority of the absolute and relative spectral indices showing nonsignificant relationships with optimum N 30 . This very narrow range of radiance in the three bands could have been an indirect result of the low range in biomass at T2004 (270-822 kg ha
21
). The exceptions to this were R, G, Rel R R , and Rel R S which showed significant linear relationships, but with low r 2 : 0.40, 0.40, 0.30, and 0.31 respectively (Table 5 ). The strengths of the relationships between spectral bands and/or indices and optimum N 30 were lowest at C2004 and T2004, which also had the lowest mean GS-30 biomass ( Fig. 2A and B) .
Since the objective of this research was to develop a model to predict in-season optimum N rates for winter wheat at GS 30 over a wide range of growing conditions, a more detailed discussion of the data combined across site-years is presented. For this combined dataset, the relationships of optimum N 30 with the absolute NIR band were not significant, but the linear relationships with the absolute R and G bands were, albeit with low r 2 of 0.18 and 0.13, respectively (Table 5) . However, the normalized bands were all significantly related with optimum N 30 , and the relationships with Norm R and Norm G were stronger than for absolute R and G (Table 5) . One possible interpretation for the significance of the normalized bands compared to the absolute bands is that the normalization effect of dividing by the sum of all bands helped correct for different illumination conditions or exposure differences between photographs. The linear regression analyses (Table 5) for absolute spectral indices composed of the NIR and G bands (GDVI, GRVI, GNDVI, GSAVI, GOSAVI) showed somewhat better relationships with optimum N 30 compared with indices composed of NIR and R bands (DVI, RVI, NDVI, SAVI, OSAVI). These results are consistent with those obtained by Thomas and Oerther (1972) and McMurtrey et al. (1994) who observed that as N deficiency increased, leaf reflectance at 550 nm (G) increased and leaf reflectance in the NIR decreased, while reflectance at 670 nm (R) was indistinguishable among the various N fertilizer levels. In contrast to the absolute spectral bands, all of the absolute spectral indices were significantly related with optimum N 30 (Table 5 ). However, none of the absolute indices (indices not adjusted to high-N plots) accounted for more than 30% of the variability in optimum N 30 determinations. Absence of a line indicates that optimum N rate was derived using a series of linear contrasts.
Using indices computed relative to high-N reference strips can help eliminate some of the variability that may be introduced when combining data derived from images captured at different times and/or places (Schepers et al., 1992; Blackmer et al., 1996; Blackmer and Schepers, 1995) . When the data in our study was analyzed across all site-years, better prediction of optimum N 30 was indeed observed when using relative indices, and the best relationships were often found for the relative indices computed by the subtraction method (Table 5 ). For example, Rel R S (R 2 5 0.45), Rel G S (R 2 5 0.46, Fig. 4 ), RGDVI S (R 2 5 0.45) and RGDVI R (R 2 5 0.46) accounted for the greatest amount of variability in the optimum N 30 determinations. While these relationships were not strong enough for use in an in-season N prediction system, they were the most promising for further analysis.
Influence of Biomass on the Relationship between Optimum Growth Stage 30 Nitrogen Rates and Spectral Data
Previous research by Clarke et al. (2000) and Flowers et al. (2003b) showed that winter wheat biomass can be an important variable when assessing crop N status using aerial CIR photography. To visualize the effects of biomass on the relationships of optimum N 30 with the spectral indices, and to develop relationships that included data from a wide range of biomass levels, re- ) vs. near infrared (NIR), red (R), and green (G) absolute bands and the various spectral indices measured at GS 30 across all six site-years and at each individual site-year (C2002, C2003, C2004, L2002, T2004, and P2003; see  Tables 2 and 3 Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
gression analyses were performed for subsets of the data that exceeded successively greater biomass threshold levels. To do this, we divided the complete data set into six GS-30 biomass classes using 250 kg ha 21 increments: GS-30 biomass . 250, . 500, . 750, . 1000, . 1250, and . 1500 kg ha 21 . The strengths of the relationships between optimum N 30 and the absolute indices were weak (e.g., GDVI modeled as a quadratic relationship; R 2 5 0.56) while the most promising relative indices (Rel R S , Rel G S , RGDVI R , and RGDVI S ) were consistently stronger when modeled as quadratic rather than linear models. Therefore, the quadratic models are discussed in further detail. The R 2 for the quadratic regressions relating optimum N 30 with Rel R S , Rel G S , RGDVI R , and RGDVI S for each of these data subsets are shown in Fig. 5 .
The strengths of the quadratic relationships of optimum N 30 with each of the four spectral indices (Rel R S , Rel G S , RGDVI R , and RGDVI S ) increased with increasing biomass levels (Fig. 5) , with considerably greater R 2 for the biomass classes .1000 kg ha 21 . However, the strengths of the relationships did not increase substantially when the analyses were limited to greater GS-30 biomass (i.e., .1250 kg ha 21 ). For biomass classes that included GS-30 biomass ,1000 kg ha
21
, the relationships of optimum N 30 with the spectral indices were probably not strong enough for use in an in-season N prediction system. Among the four indices used for analysis of the .1000 kg ha 21 class, Rel G S modeled as a quadratic function showed the highest R 2 (Fig. 6 ). This model indicated that a gradual increase in Rel G S was associated with increasing optimum N 30 rates. The greater the difference in greenness compared to the reference plot, the higher the optimum N 30 requirement and vice versa. As chlorophyll content increases in the leaf more light is absorbed, especially in the R and B, but also in the G. The increasing amount of absorbed G light results in the leaf becoming a darker G, which results in lower radiance values at higher N 25 treatments (lower optimum N 30 ) compared to lower N 25 treatments (higher optimum N 30 ).
In addition to having similar R 2 , the quadratic relationships of optimum N 30 with Rel G S at the three highest GS-30 biomass levels (i.e., .1000, .1250, and .1500 kg ha 21 ) had similar parameter estimates with overlapping 95% confidence intervals (Table 6 ). This indicated that a common model could be used to estimate optimum N 30 based on Rel G S when GS-30 biomass was .1000 kg ha 21 . These results suggest that ) with relative red (Rel R S ), relative green (Rel G S ), and relative green difference vegetation index (RGDVI S ) computed by the subtraction method, and relative green difference vegetation index (RGDVI R ) computed by the ratio method, all for the entire data set ("all data") and each of six biomass classes. All relationships were significant at the 0.01 probability level. The numbers in parentheses indicate the n. Table 1 ) separated by site-year.
biomass at GS 30 is an important variable to consider when trying to estimate in-season optimum N rates via aerial CIR photography. These also suggest that aerial CIR photography can be used to determine GS-30 N requirements only when GS-30 biomass is .1000 kg ha
. These results are consistent with those of Clarke et al. (2000) who reported that biomass or canopy density influenced the relationship between spectral reflectance and chlorophyll concentration, which is related to whole-plant N concentration. Our results are also consistent with those reported by Flowers et al. (2003b) that a strong relationship between N conc and spectral indices was observed when biomass was .1000 kg ha
. In this analysis, there were 48 cases with GS-30 biomass #1000 kg ha 21 . For these, the mean optimum N 30 was 60 kg N ha
. For the remaining data with biomass .1000 kg ha 21 (n 5 39) the mean optimum N 30 was 48 kg N ha
. This is consistent with observations previously reported by Weisz et al. (2007) who showed that under some circumstances higher rates of spring N are required by wheat plots with low biomass compared to plots with thicker GS-30 stands. Weisz et al. (2007) also reported that if a site-specific N fertilizer recommendation system is to be based on GS-30 tissue N concentration, then an estimate of site-specific biomass would be needed to develop an optimum N 30 prescription.
Applying Remote Sensing To Field Situations
A first requirement for application of this remote sensing system (Fig. 6) is the establishment of a high-N reference strip in the field. This requirement has also been noted by researchers using proximate and aerial remote sensing to determine in-season N rates in wheat and corn (Raun et al., 2002; Sripada et al., 2005) . If this system is to be used to make within-field site-specific N recommendations a better method than having only one reference strip located at random within the field, may be to have a series of reference strips based on the farmer's knowledge of field variability.
The second requirement for this system is the identification of within-field areas where the biomass is .1000 kg ha 21 . Following methods described by Flowers et al. (2001) , GS-30 biomass was plotted against NDVI (Fig. 7A) . The relationship between biomass and NDVI was linear but differed across photographs (i.e., site-years). Interestingly, differences also existed across planting dates (but not seeding rates; data not shown) within site-years (Fig. 7A ). To develop a single model to predict biomass, NDVI and biomass were made relative to areas of high and low biomass within each site-year 3 planting-date combination such that:
where NDVI rel was the relative NDVI from a given area of interest, NDVI i , was the measured NDVI from that area of interest, NDVI max and NDVI min , were the NDVI values associated with areas with the highest and lowest biomass respectively, BIO rel was the relative biomass of 0.88** ** Significant at the 0.01 probability level.
† Numbers in parentheses indicate the lower and upper limits for the 95% confidence intervals. ), was the wheat biomass of that area, and BIO max and BIO min (kg ha 21 ), were the biomass values of the areas of highest and lowest biomass within the site-year 3 planting-date combination. When BIO rel was plotted against NDVI rel for all the data, a single linear model (r 2 5 0.70) emerged (Fig. 7B ). Using this model, NDVI could be used to predict GS-30 biomass as: BIO pred 5 f[0:76 3 (NDVI i 2 NDVI min )/ (NDVI max 2 NDVI min ) 2 0:079] 3 (BIO max 2 BIO min )g 1 BIO min [3] where BIO pred (kg ha
21
), was the predicted biomass. Predicted biomass using Eq. [3] was plotted against measured biomass for the entire data set ( Fig. 8; r 2 5 0.98). Since the primary purpose of Eq. [3] was to determine if remote sensing (Fig. 6 ) could be used to recommend optimum N fertilizer rates, we divided Fig. 8 into four quadrants breaking at 1000 kg biomass ha
. The model correctly predicted when Fig. 6 could or could not be used to make N recommendations 94% of the time. These data indicated that with minimal ground truthing, CIR photographs could be reliably used to identify field areas where fertilizer recommendations based on Fig. 6 could be used to optimize wheat yield.
CONCLUSIONS
Our first objective was to determine if aerial CIR photography can be used to determine in-season optimum fertilizer N rates for winter wheat at GS 30; our second objective was to determine if varying levels of biomass at GS 30 influenced this relationship. The approach we used was to generate different levels of biomass and N requirements at GS 30 by using different PDSR-N 25 combinations. Grain yield response to N 30 was measured for each of the PDSR-N 25 combinations to determine the optimum N 30 . The different PDSR combinations produced different biomass levels. The different PDSR-N 25 combinations created a range of optimum N rates at GS 30. Over the different site-years examined in this study, several spectral indices measured at GS 30 (Rel R S , Rel G S , RGDVI R , and RGDVI S ) showed considerable promise in accounting for the variability in optimum N 30 rates. Significant and strong relationships were found between optimum N 30 and Rel G S (R 2 5 0.85) but only when GS-30 biomass was .1000 kg ha
21
. These results emphasize the need to consider site-specific biomass when making site-specific N recommendations for winter wheat at GS 30 using aerial or ground based sensors. We also demonstrated that NDVI combined with minimal ground truthing within a field, could be reliably used to identify areas where the wheat biomass was sufficient to make remote sensing based N fertilizer recommendations. Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
